The structure and dielectric relaxation properties of ͑1−x͒NaNbO 3 -xBiCrO 3 ͑0.1ഛ x ഛ 0.5͒ composite ceramics with perovskite-pyrochlore biphase were studied. The coexistence of cubic perovskite and a cubic pyrochlore structure was characterized. A lack of mutual solubility between the two phases was observed. Biphase ceramics with x = 0.3 exhibited dielectric relaxation behavior with a diffuse-like phase transition. Pyrochlore-rich biphase ceramics with x = 0.4 exhibit dielectric relaxor-like behavior. The biphase ceramics have high dielectric constants, because of the reorientation of the dipoles and the formation of barrier layers at the grain boundaries. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.2084328͔ Sodium niobate ͑NaNbO 3 ͒ has received considerable attention owing to its ability to readily undergo various structural phase transitions from nonpolar to antiferroelectric, and finally enters the ferroelectric phase.
Sodium niobate ͑NaNbO 3 ͒ has received considerable attention owing to its ability to readily undergo various structural phase transitions from nonpolar to antiferroelectric, and finally enters the ferroelectric phase. 1 In these transitions, NaNbO 3 exhibits orthorhombic symmetry at room temperature. These phase transitions occur up to 913 K, at which point the compound becomes cubic. The antiferroelectric phase of the sodium niobate is a solid solution with ferroelectric, dielectric, and lead-free piezoelectric characteristics. Most of these works have focused on doped sodium niobate. 2, 3 Replacing Na + with high-valence ions creates additional positive charges, which are compensated by negative charges created by replacing Nb 5+ with low-valence ions, neutralizing the charge. BiCrO 3 is a multiferroic material, 4 which is responsible for high dielectric permittivity when doped in perovskite ceramics. 5 However, to the authors' knowledge, A +1 B +5 O 3 -A 3+ B 3+ O 3 perovskite-structure compounds have not been observed in ͑1−x͒NaNbO 3 -xBiCrO 3 system. This work studies the stability of single cubic perovskite phase and the cubic pyrochlore second phase, mixed in a ͑1−x͒NaNbO 3 -xBiCrO 3 system. However, few research groups have investigated the effect of the mixed phase on the dielectric properties of successive relaxation, which was revealed by the electric permittivity curves. Therefore, this work aims to systematize the effect of the mixed phase on the dielectric properties of BiCrO 3 -doped NaNbO 3 ceramics.
The compounds used in this investigation were formed in a conventional solid-state reaction. Solid solution oxides with a formula of ͑1−x͒NaNbO 3 -xBiCrO 3 ͑x = 0.1, 0.2, 0.3, 0.4, 0.5͒ were prepared. The starting materials Na 2 CO 3 , Nb 2 O 5 , Bi 2 O 3 , and Cr 2 O 3 had a purity of at least 99.9%. The mixed powders were dried and calcined at 950°C for 5 h; 2 wt % polyvinyl alcohol was added to the synthesized powders to promote sintering. Finally, the calcined powders were reground and pressed into disks at 200 MPa with diameters of 10-11 mm and thicknesses of 2 -3 mm. The disks were sintered in air at 1250°C for 3 h and were then cooled at a rate of 3°C / min to 800°C before being cooled further to room temperature. The electrodes that were used to make measurements were deposited on the surface of ground disk by rubbing on an In-Ga alloy. The dielectric constants and dielectric loss were measured between 0.5 and 100 KHz using an LCR meter ͑HP4284A͒. Figure 1 shows the x-ray diffraction ͑XRD͒ patterns of the cubic perovskite structure and a mixed structure that contains a cubic pyrochlore phase. Incorporating a combination of aliovalent substituents Bi 3+ and Cr 3+ extended the miscibility of cubic perovskite and the pyrochlore phase to a wider range of x. The phase-singular solids can be represented as Na 1−x Bi x Nb 1−x Cr x O 3 at x = 0.1, single-phased ceramics presented in Fig. 1͑a͒ . The single-phase solids can be indexed by the lattice parameter a = 3.92 Å. The transformation of NaNbO 3 with an orthorhombic structure to a cubic perovskite structure is complex and involves changes in the angles of rotation of the BO 6 frame work. 6 The coexistence of cubic perovskite and the cubic pyrochlore structure was verified, as presented in Figs. 1͑b͒-1͑d͒ for x = 0.2, 0.3, and 0.4. No further phase was found. The peak was not shifted, indicating the absence of mutual solubility of the two phases. Therefore, the sample for x = 0.5 had a single cubic pyrochlore structure with a widened peak. The relative amounts of perovskite and pyrochlore phases were determined from the XRD patterns of the samples by measuring the major peak intensities of the perovskite ͑110͒ and pyrochlore ͑222͒ phases. The following relationship was used, 7 Pyrochlore͑%͒ = I pyro. ͑222͒ I pyro. ͑222͒ + I perov. ͑110͒ ϫ 100 % . ͑1͒
The cubic pyrochlore phase content increased linearly with the BiCrO 3 content of the composites, as presented in the inset to Fig. 1 . In the example with x = 0.3, both perovskite and pyrochlore ceramics are produced by the following chemical reaction:
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͑2͒
The result can be explained by the partial substitution of Bi 3+ ͑1.20 Å͒ and Cr 3+ ͑0.62 Å͒ ions for Na + ͑1.18 Å͒ and Nb 5+ ͑0.64 Å͒ ions in perovskite ceramics, respectively. Additionally, the numbers of Bi and Nb ions are assumed to be the same, as are the numbers of Na and Cr ions in pyrochlore ceramics. ␦ Ͼ ␥ is also assumed. Both perovskite and pyrochlore ceramics are deficient in oxygen.
Figures 2͑a͒ and 2͑b͒ reveal a large variation in the dielectric constant ͑ max ͒ with frequency, for the specimen with x = 0.3. max fell from 4844 to 192 as the frequency increased from 0.5 to 100 KHz. The result shows that composite dielectric relaxation behavior involves a diffuse-like phase transition. The peak of max as a function of frequency is approximately at 63°C and the full width of half maximum ͑FWHM͒ of the composite peaks decreases as the frequency was increased. Two-peak dielectric losses are observed at 0.5 K, 1 K, and 5 KHz and single-peak dielectric losses are observed at 10 K and 100 KHz. Interestingly, the dielectric loss does not increase with higher frequency. Therefore, the mixed-structure with x = 0.3 has a lower dielectric loss and exhibits a change in polarization as the dielectric constant of the specimens decreases at high frequencies. Figure 3͑a͒ presents that the sample with x = 0.4 exhibits similar dielectric relaxation behaviors. The temperatures of the max at frequencies 0.5, 1, 5, 10, and 100 KHz are 55, 59, 67, 80, and 84°C, respectively. The data indicate that the relaxation behavior exhibits the relaxor-like phenomenon. Cubic pyrochlore A 2 B 2 O 7 is considered to have an A 2 B 2 O 6 OЈ structure. The OЈ oxygen ion is weakly bond to the ͑BO 6 ͒ octahedron; the octahedra form the structural framework of the lattice, so interactions among the cations ͑Na/ Bi ions͒ at disordered A sites are feasible. The OЈ ions form the formation of unstable dipoles in the pyrochlore structure; the reorientation of these dipoles causes dielectric relaxation. Therefore, the temperature of the dielectric relaxation peaks increases with the measuring frequency. The relaxor-like behavior of biphase ceramics has many causes, including fluctuations of the microscopic composition, the merging of micropolar regions into macropolar regions and the coupling of the order parameter and the local disorder mode via local strain. 8 Vugmeister and Glinchuk 9 reported that the randomly distributed electrical field or strain field in a mixed oxide 
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Hsiao et al. Appl. Phys. Lett. 87, 142906 ͑2005͒ system was the main cause of the relaxor behavior. In a solid solution of perovskite ceramic, Na or Bi ions occupy the A sites of the ABO 3 structure and Cr and Nb ions occupy the B sites. In pyrochlore ceramic, Na or Bi ions occupy the A sites in the A 2 B 2 O 6 OЈ-type and Cr and Nb ions occupy the B sites. Therefore, at high pyrochlore contents, the biphase bulk ceramics yield a broad dielectric constant-temperature ͑ r ϳ T͒ curve near the transition temperature in Fig. 3͑a͒ , because of the inhomogeneous distribution of ions at the A and B sites and the mechanical stress of the grain. Stress arose in the lattice during sintering, because the thermal expansions of the structures differ. Wang et al. 10 also determined that the samples of various pyrochlore-fluorite biphase ceramics exhibited various thermal expansion coefficients. In such a case, the macrodomains of the biphase ceramics could be divided into the microdomains as the pyrochlore content increased, causing the apparent relaxor-like behavior. The dissipation factor ͑D͒ was presented in Fig. 3͑b͒ and caused various typical curves at various frequencies. The leakage conductivity caused the dielectric loss to warp upwards, because oxygen vacancies migrated at elevated temperatures. 11 Such a marked drop in the value of the dielectric constant at higher frequencies is explained in terms of interfacial polarization. The build-up of charges at the grain-grain boundary interface is responsible for large polarization therefore, the high dielectric constant at lower frequencies. The complex impedance was analyzed using Cole-Cole impedance plots, to verify the presence of barrier layers in the biphase ceramics. 12 The complex impedance diagrams of xϭ0.3 measured at 16°C lack a proper semicircle, so distinguishing the grain contribution from those of the boundary is difficult. Therefore, the measurements were made at a temperature of 63°C and two well-resolved semicircles become clearly visible. The first semicircle, at high frequency, above 5 KHz, corresponds to a particular behavior indicated by the material or bulk characteristics. The second semicircle represents the grain boundary contribution at low frequencies below 5 KHz, and verifies the presence of barrier layers in perovskite and pyrochlore biphase ceramics.
In conclusion, the high permittivity of biphase ceramics depends on frequencies. The biphase ceramics are associated with the presence of reoxidized grain boundary regions on the outer surfaces of the large semiconducting grains or with a secondary phase at the grain boundaries. One shortcoming of pyrochlore-containing structures in biphase ceramics is their high dissipation factor values. The dissipation factor depends on the frequency and although the loss is Ͻ1.2 at x = 0.3 and Ͻ2.3 at x = 0.4 at 0.5 KHz, lower values ͑Ͻ0.1͒ and less frequency-dependent behavior are sought. Much fundamental science, ceramic processing and development must be conducted before biphase ceramics can be considered for use in layer capacitors applications; however, remarkable max values of Ͼ15000 can be obtained following a solid state reaction in air at 1250°C for x = 0.4 at 0.5 KHz. These values exceed the highest value of 8000, for BaSn 0.3 Ti 0.7 O 3 relaxor ceramics. 13 This work develops new lead-free relaxor-like ceramics that are friendly to the environment, with a maximum permittivity at a transition temperature that is close to room temperature. 
